(≥10 26 ions/m 2 ) was studied systematically for recrystallized W only [6] [7] [8] [9] . The main objective of the present work was to extend the range of examined W materials to polycrystalline ITER-grade W. The ITER-grade W is deformed (rolled, swaged and/or forged) followed by appropriate heattreatments to obtain better mechanical properties, e.g., strength and toughness, following the sintering process [10, 11] .
Experimental
In these experiments, ITER-grade W delivered from A.L.M.T. Corp. (Japan) was used. The W material has a purity of 99.99 wt.% with main impurities being Mo, Fe, C and O. Squareshaped samples, 10×10 mm 2 in size and 2 mm in thickness, were so prepared by the manufacturer that the irradiated surfaces were perpendicular to deformation axis (i.e., to the heat transfer direction), which corresponds to the ITER specification [10, 11] . The samples were mechanically polished, cleaned in acetone ultrasonic bath, and then annealed in vacuum at 1473 K for 30 min for stress relief.
The surface topography and cross-sections of the samples were examined by scanning electron microscopy (SEM) (KEYENCE, Real Surface View Microscope VE-9800 and FEI, Helios NanoLab 600). According to cross-section images obtained by SEM combined with focused ion beam cross-sectioning (FIB), the microstructure of the Japanese ITER-grade W consists of anisotropically elongated grains along the deformation axis (Fig. 1) . The grain size is 1-3 µm in section and up to 5 µm in length. Individual elongated cracks observed between grains ( Fig. 1 ) are due to the deformation treatment.
The linear plasma generator (JAEA, Tokai) used for delivering a plasma beam comparable to the edge plasma at ITER divertor is described elsewhere [12] . To generate D plasma, D 2 gas was filled in the plasma generation section to a pressure of about 1 Pa. As a consequence, the plasma beam contained species of D 2 + (over 80%) and D + (less than 20%) [12] . A bias voltage of -80 V was applied to the W sample, resulting in incident energy of 76 eV for D 2 + (38 eV/D), taking into account the plasma potential of about -4 V as measured by a Langmuir probe. The incident deuterium ion flux was fixed at 10 22 D/m 2 s, and the samples were exposed to ion fluences of 10 26 and 10 27 D/m 2 . The sample was passively heated by the plasma itself and the exposure temperature was set by the thermal contact between the specimen and the cooled holder.
The temperature was monitored using a type K thermocouple tightly pressed to the rear of the sample.
The deuterium profiles in the plasma-exposed W samples were determined by nuclear reaction analysis (NRA) at IPP, Garching. The D( 3 He,p) 4 He reaction was utilized, and both the α Total deuterium retention in the W samples was monitored ex-situ using thermal desorption spectrometry (TDS). An infrared heater was used to heat the samples at a ramp rate of 0.5 K/s and the sample temperature was raised to 1300 K. HD, and D 2 molecules released during TDS run were monitored by a quadrupole mass spectrometer (QMS). To calculate the relative contribution of the recorded HD and D 2 masses to the total release of deuterium, the partial currents of the QMS were normalized as described in Ref. [14] . A standard D 2 leak with an inaccuracy better than 10% was employed to calibrate the QMS after each TDS analysis.
Results

Surface topography
After exposure to an ion fluence Φ = 10 26 D/m 2 at a temperature T exp = 335 K, only sparse blisters of sizes 0.5-2 µm are observed on the surface (Fig. 2a) . At T exp = 410-490 K, the blisters increase slightly in size, and the maximum blister size reaches 4 µm (Fig. 2c) . As the exposure temperature increases further, blister sizes decrease and are 0.5-2 µm at T exp = 610-725 K (Fig. 2e) .
The increase in a fluence to 10 27 D/m 2 might lead to an insignificant increase in blister sizes. The maximum size of blisters, around 5 µm, seems to be observed at T exp = 420-500 K (Fig. 2d) . The blisters are arranged inhomogeneously in groups on the surface and blister sizes differ between the groups.
Thermal desorption spectra
The thermal desorption spectrum of deuterium obtained after loading with a fluence Φ = 10 26 D/m 2 at exposure temperature T exp = 335 K consists of a main peak centred at a temperature T peak ≅ 510 K with a small peak appearing as a shoulder at T peak ≅ 630-650 K (Fig. 3a) . However, after D plasma exposure to Φ = 10 27 D/m 2 at T exp = 320 K, the ~650 K peak becomes dominating (Fig. 3b ).
For Φ = 10 26 D/m 2 , as the exposure temperature increases, the main TDS peak is shifted towards higher temperatures (Fig. 3a) . On the other hand, the tenfold increase in an ion fluence at the same exposure temperature results in a shift of TDS peaks to higher temperature also (compare panels (a) and (b) in Fig. 3 ). However, after exposure to Φ = 10 27 D/m 2 at temperatures in the range from 565 to 650 K, the main TDS peaks are positioned practically at the same temperature T peak ≅ 1070 K.
It should be noted that after plasma exposure at temperatures and fluences when small blisters are formed on the ITER-grade W surface, the TDS spectra do not demonstrate intensive bursting release, as happens with relatively large blisters (5-50 µm in size) formed on the surface of recrystallized W [6, 15] and hot-rolled W [16, 17] exposed to D plasmas.
Depth profiles
In the ITER-grade W exposed to the D plasma near room temperature (T exp = 335 K) to an ion fluence Φ = 10 26 D/m 2 , deuterium depth profile is characterized by a sharp near-surface concentration maximum of about 2 at.%, and, at depths of 1 μm, by a concentration of (5-8)×10 -2 at.% decreasing into the bulk by one order of magnitude between 1.5 and 7 μm ( It should be noted that the ITER-grade W contains intrinsic intergranular cracks ( Fig. 1 ), and these defects could provide trapping of hydrogen isotopes in the bulk of the ITER-grade W at elevated temperatures.
Total retention
In and irradiation temperatures up to 500 K, 50-60% of retained deuterium is localized in the subsurface layer up to 7 μm. This fraction drops to about 10% for higher temperatures beyond the maximum in the D retention. However, at Φ = 10 27 D/m 2 the fraction of deuterium retained at depths up to 7 μm already decreases from about 60% to less than 20% with increasing exposure temperature before the maximum in the total retention is reached. In the temperature range from 500 to 700 K, this fraction increases from 10% back to 50% (Fig. 5 ).
Discussion
In the Japanese ITER-grade W exposed to the low-energy, high-flux D plasma, the depths of D accumulation (several micrometers) are much larger than the deuterium implantation range (several nanometers), and D concentration at depths of several micrometers reaches relatively high values of 0.01-0.5 at.%, depending on irradiation temperature (Fig. 4) . Note that in recrystallized W exposed to the same D plasma at temperatures of 480-540 K the D concentration reaches 1-2 at.%. [9, 15] .
The mechanism of plastic deformation due to deuterium supersaturation [ 18 ] must be considered for modification of the subsurface structure and formation of trapping sites for deuterium [4, 7, 19] . During exposure to low-energy, high-flux D plasma, the D concentration in the implantation zone greatly exceeds the solubility limit and stresses the matrix lattice until plastic deformation occurs to alleviate these tensions [18] . This deformation is assumed to be responsible for the generation of vacancies, vacancy complexes and microscopic cavities, and for the concurrent accumulation of diffusing deuterium. Diffusing D atoms recombine on the cavity surfaces, increasing thus the D 2 gas pressure inside these cavities. The stress from supersaturation of D in the lattice is additionally increased by the high gas pressure inside the cavities.
As illustrated for the example of recrystallized W [7] , at exposure temperatures above the brittle-to-ductile transition temperature (BDTT) (370-470 K depending on the crystal-lattice orientation [ 20 ] ) the dislocation mobility is increased and the stress can be relaxed by dislocations moving along lattice planes through the whole crystallite leading to formation of large cavities (100-1000 µm 3 ) at the grain boundaries at depths of several tens of micrometers [7] . This corresponds to the material migration above the surface, i.e., the blister-like surface topography. Near room temperature, i.e. below BDTT, the stress relaxation results in brittle crack formation inside the grains [7, 21] .
However, the temperature dependence of the surface morphology modification for the ITER-grade W exposed to the low-energy, high-flux D plasma differs from that for the recrystallized W ( Obviously, the mechanically damaged layer contains high density of dislocation type defects even after post-polishing annealing at 1473 K, and these defects promote formation of the stress-induced cracks under D plasma exposure. As gas pressure inside the cracks increases, cooperative fracture between the cracks suddenly becomes an easy way of relieving their overpressure, thus initiating elongated cracks and lifting the surface off into dome-shaped blisters.
The damaged layer with the cracks may serve as a damper to dissipate the compressive stresses induced by the local deuterium supersaturation and prevent formation of plasma-induced cracks and cavities beneath the mechanically damaged near-surface layer, i.e., in the bulk on the ITER-grade W.
It is pertinent to remind that intrinsic intergranular cracks ( temperatures below 500 K, the D retention in the ITER-grade W is higher than that for recrystallized W a) [9, 15, 21] (Fig. 7) . This finding can be explained by relatively high concentration of the intrinsic defects in the bulk of the mechanically deformed ITER-grade W.
However, at exposure temperatures between 500 and 600 K, large plasma-induced distortions, intragranular cracks and large cavities at the grain boundaries are formed in the recrystallized W [7] , whereas, as it was mentioned above, the bulk structure of the ITER-grade W remains unaltered. As a consequence, at T exp = 500-600 K the recrystallized W demonstrates higher D retention than the ITER-grade W (Fig. 7) . At exposure temperatures above 600 K, a difference in the D retention for these W materials becomes insignificant.
For highest ion fluence of 10 27 D/m 2 , the temperature dependences of the D retention for both W materials are practically the same (Fig. 7) . However, a comparison of deuterium depth profiles in these W material after exposure to the highest D ion fluence (Fig. 4 and [9, 15]) shows that the D retention within the sub-surface layer (up to 7 µm in thickness) in the ITERa) The recrystallized W samples were prepared by annealing of the mechanically polished ITER-grade W samples in a dry hydrogen atmosphere at 2073 K for 1 h. The recrystallized W is characterized by large grains of size 20-200 µm and lack of intergranular cracks [7] .
grade W is lower by a factor of about two than that in the recrystallized W. Thus, it is believed that in the ITER-grade W deuterium retained deeper into the bulk than in the recrystallized W. This is inline with higher defects density in the bulk of the ITER-grade W.
Summary
Insignificant temperature dependence of surface morphology is found for mechanically temperatures of 600-700 K is that the D concentration at analyzable depths of 7 µm increases practically linearly with the ion fluence, whereas the total retention increases only by a factor less than three.
Stress-induced plastic deformation caused by deuterium supersaturation is suggested as mechanisms for formation of microscopic cracks in the near-surface layer damaged by mechanical polishing. Diffusing D atoms recombine on the crack surfaces, increasing thus the gas pressure inside these cracks and lifting the surface off into dome-shaped blisters.
The near-surface mechanically damaged layer with the cracks is speculated to may serve as a damper to dissipate the compressive stresses induced by the local deuterium supersaturation and prevent formation of plasma-induced cracks and cavities in the bulk on the ITER-grade W. 
